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F. E. Romio, V. D. Sanders, and L. J. B, Sloggy 


SUMMARY 


Data on the thermal performance and the static pressure 
drop characteristics of a n f lat tened— tube type" crossflow 
exhaust gas ar.d air heat exchanger are presented. A full- 
crossflow type air shroud was used for the tests on this ex— 
changor. 

The weight rates of exhaust gas which vroro used in tbo 
tests varied from 1700 lb/hr to 4200 lb/hr and the weight 
rates of ventilating air ranged from 1000 lb/hr to 4200 lb/hr. 
The inlet temperature of the exhaust gas was kept at approxi- 
mately 1600° F. Static pressure drop moasur sment s were made 
across the exhaust gas and ventilating air sides of the heater 
under Isothermal and non— isothermal conditions. 

The measured thermal outputs and static pressure drops 
are compared with predicted magnitudes. 


INTRODUCTION 


Investigation of the performance characteristics of this 
f lattonod— tube typo crossflow heat exchanger, designed for use 
in the exhaust gas streams of aircraft onginos for cabin heat- 
ing systems and for wing and tall surface anti— icing systems, 
was carried out on the large test stand of the Mechanical 
Engineering Laboratories of the University of California. 

(Sec description of this test Btand in reference 1.) 
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The following data wero obtained: 

1. Weight rates of the exhaust gas and ventilating 
air through the respective Bides of tho heat exohanger 

2. Temperaturos of the oxhaust gas and ventilating air 
at inlet and outlot of the exchangor 

3. Static pressure drops across the exhaust gas and 

vontilating air sides of the heat exchanger for isothermal 
and non-i sothermal conditions * 

This investigation, part of a research program conducted 
on aircraft heat exchangers nt tho University of California, 
was sponsored by and conducted with tho financial assistance 
of the National Advisory Committee for Aeronautics. 


SYMBOLS 


a transverse spacing of tubes in banks, measured in 

multiples of the diamotor of the cylinders 


A 

area of heat trnnsfor, 

ft 3 


^cs 

minimum cross— sectional 

area of 

flow for either 

fluid, ft® 



Ah 

cross-sectional area of 

flew for 

either fluid 

measured within the 

heat er , 

ft 3 


A x cross-sectional area of flow for either fluid taken 

at the inlet pressure measuring station, ft 2 

A a cross-sectional area of flow for either fluid taken 

at the outlet pressuro measuring station, ft* 

c_ heat capacity of the fluid at constant pressure, 

Btu/lb 


D hydraulic diameter, ft 


unit thermal 
length) , 


convective 
Btu/hr ft® 


conductance 

C ]P 


(average with 


f 


cc 


unit thermal 
haust gas 


convective conductance for flow of ex- 
over cylinders with a diameter equivalont 
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to that of the circular leading and trailing 
edges of the flattened tubes (average for K 
rows of cylinders), Btu/hr ft® °P 

f c £ unit thermal convective conductance, determined 

from equation (8), for flow of exhaust gas over 
flat plate portion of the flattened tubes (average 
with length), Btu/hr ft® °F 

f QX point unit thermal convective conductance for flow 
over flat plateB, Btu/hr ft® °J 

(f c A) thermal conductance of either fluid, Btu/hr °F 

(f c A) c thermal conductance of exhaust gas for flow over 

rows of cylinders with diameters equal to that 
of tho circular loading and trailing edges of 
the flattened tubes, Btu/hr °J 

(f c A) f thermal conductance of exhaust gas for flow ovor 
the flat plate portion of the flattened tubes, 
Btu/hr °F 

F r tube arrangement modulus for flow of fluids ovor 

• banks of staggored tubes 

g gravitational force per unit of mass, lb/(lb soc 8 /ft) 

G weight rato of fluid per unit of area, lb/hr ft 

G 0 weight rate of fluid per unit of area, based on 

minimum area, lb/hr ft® 

X isothermal pressure drop factor definod by equation 

= K Sal 
y 2g 

l length of a duct measured from the entrance, ft 

n ratio of cross-sectional aroa of flow before expansion 

of tho fluid passage to that after expansion of the 
fluid passage 

K number of rows in a tube bank 

q measured rate of enthalpy change of either fluid, 

Btu/hr or kBtu/hr (kBtu designates kilo Btu, 
or 1000 Btu/hr) 


1 
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L av 


T f 


*1 


BO 


T 

UA 

W 

Bo 


x 


temperature of the tube vail, °T 

arithmetic average mixed— mean absolute, temperature 

’ " JJ + J Q 

of either fluid -i 2, B 

2 

arithmetic average of tube vail absolute temper- 
ature and mixed— mean absolute temperature of 
fluid, °B 

mixed— mean absolute temperature of either fluid for 
the isothermal pressure drop tests, °B 

mixod— moan absolute temperature of oither fluid, °B 

mean velocity of the fluid at the minimum cross- 
sectional area of the fluid passage, ft/sec 

over— all thermal conductance, Btu/hr °P 

weight rate of either fluid, lb/hr 

Boynolds number, — — 

36 00 |x g 

distance along a flat plate measured from the 
point of stagnation, ft 


x a equivalent flat— plate distance measured along the 

circumf erenco of cylindrical loading edge of a 
flattened tube from forward point of stagnation 
to beginning of flat plate section, ft 

x a equivalent flat— plate distance measured along the 

periphery of a flattened tube from forward point 
of stagnation to end of flat plato section, ft 

V weight density of fluid, lb/ft 3 

AP Btatio prossure drop, lb/ft a 

AP" static pressure drop (heator plus ducts) on either 

side, in. H a 0 

AT mx mean temperature difference for crossflow of fluids 

when the exhaust gas is mixed and the ventilating air 
is not mixed while passing through the hoater, °J 

|jb viscosity of either fluid, lb sec/ft® 
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£ isothermal friction factor defined by the aquation 

dPj a o - = > A Upa 
-■ - • Y D 2g 

£« friction factor for flow of fluids past tube banks 

(defined by equation (10)) 

T nixed— mean temperature of either fluid, °7 

cp heater effectiveness for crossflow of fluids whon 

x exhaust gas 1 b nixed and ventilating air is not 

nlxod while paBBing through heater. This effec- 
tiveness is defined by equation 

= V a c p a ( T g x “ T a 1 ^ < P x 

Subscripts 

a ventilating air side 

c convoctlve conductance (f a and so forth) and also 

sudden contraction (K c ) 

oc convective conductance along a cylinder equivalent to 

leading and trailing edges of a flattened tube 

cf convoctlve conductance along flat— plate section of a 

flattened tube 

e sudden expansion 

f fluid property (Tj) and also flat plate [(fgA)^] 

g exhaust gas side 

h, htr heater 

n mean values at any section of heater (u n ) 

o maximum values (G ) 

x crossflow of fluids 

av arithmetic average 

contr sudden contraction 

ducts ducts on eithor side of heat exchanger 
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exp 

suddon expansion 

fric 

friction 

iso 

isothermal conditions 


non-iao non— isothermal conditions 

x point 1, entrance section of heater and also 

"beginning of flat-plate section of a flattened 
tube 

3 point 2, exit section of heater and also end of 

flat plate section of a flattened tube 


DESCRIPTION OP HEATER AND TESTING PROCEDURE 


The f latt ened— tube type crossflow heat exchanger is a 
unit consisting of 262 flattened tubes which convoy the 
ventilating air, arranged as chords of the circular exhaust 
gas passage. The bundle of staggered tubes consists of 21 
rows of flattened tubes, with alternate rows containing 12 
and 13 tubes per row. The tubes, depending upon their chord- 
wise location, vary in length from approximately 4 to 8 inches 
the latter being approximately the inside diameter of the 
circular heater shell. (See the diagrammatic sketch, fig. 1, 
for the exact dimensions.) 

The air shroud used, designated as UC— 3 in this report, 
is designed to give full crossflow characteristics. Photo- 
graphs of the heater and shroud are shown in figures 2 to 4. 

Heat transfer and static pressure drop data for the 
exchanger using this shroud are presented in tables I to III. 
PlotB of these data aB functions of the weight ratOB of the 
ventilating air and exhaust gas are presented in figures 5 
to 8. 


METHOD OP ANALYSIS 
Heat Transfer 


The thermal output of tho exchanger was determined from 
the enthalpy change of the vontllatlng air: 
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= V. 


P. 


(T, 


- T 


( 1 ) 


in which Cp n was evaluated at the arithmetic average 

ventilating air temperature. A plot of q ft against W Q 
at constant vnluos of the exhaust gas rate (W_) le pre- 
sented in figure F . 

Tor the exhaust gas side of the heater 


<1 


£ 






( 2 ) 


whore c is taken as that of air at the averago exhaust 

D 

gas temperature. Bor the eacc, of r. hoat exchanger thermally 
insulated from its surroundings, a would equal q , Bo— 

*•* o 

cause experionco has shorn q t to be the more reliable value, 
it is uced in determining the ovsr-all thermal conductance UA. 
(See aquation (3).) Tiio haat balance ratios q /q a arc given 
in table I, ** 

The over— all thermal conductance UA was evaluated from 
the equation: 


*a ’ (3) 

where AT , is the mean effective temperature difference for 

crossflow of fluids when the fluid on the exhaust gas side 
is mixed and that on the ventilating air side is not mixed 
while passing through the heater. This term is shown graphi- 
cally in figure 31b of reference 2 as a function of the termi- 
nal temperatures of the exhaust gas and ventilating air. The 
variation of UA ns a function of V a at various values of 
is shown in figuro 6. 

The thermal output of tho exchanger for values of At bi , 

W n and Wg other than those used here may be predicted by 

determining UA at the desired weight rates from figuro 6 and 
using those magnitudes in oque.tiou (S)*; 

♦This method is an approximation because it takes into 
consideration only the vrriation of UA with the weight rates 
of fluid, tho effoot of the difforent temperatures cf the fluids 
being neglected. For a discussion of this effect, soe appendix 
A of roferonce 3. 
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Predict ions of the over— all thermal conductance UA 
were attemptod, The expression 



a fi 


was used (roforenco 2, equation (46)). 

The thermal conductances for the tubular passages on 
the ventilating air side and for the tube bank on the exhaust 
gas side (f Q A) a and (f c A) fl , aro detormined by use of tho 
following equations: 

1. Yontllrting air sido .— Because the flow passagos 
for tho ventilating air consisted of flattened tubes, the 
unit thermal conductance on the air side was determined from 
tho equation fer turbulent flow in ducts (see reference 2, 
oquat i on (25 ) ) : 

f ca = 5.4 X 1<T* t.t 0 - 3 ^ [* + 1 - 1 t] (f) 

whore 

f_„ unit thermal conductance for turbulent flow in ducts 

O i,. 

T rv average absolute temperature of ventilating air 

fl weight rate of ventilating air per unit of cross— 
sectional area 

D hydraulic diameter of flattened tubos 

l length of flattened tubes 

The thermal conductance of the air side iB thon 


< f o A >a - *oa » * 
where A is the area of hoat transfer. 
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Exhaust gas aide .— The thernal conductance of the 
exhaust gas side was obtained by combination of the thermal 
conductance of the circular portions of the flattened tube 
(loading and trailing surfaces) and the thermal conductance 
of the flattened portion of the tubes. 

(a) The average unit thermal conductance over the 

cylindrical -parts of the flattened tubes was 
taken as being equivalent to that over the 
cylinders of a bank of staggered tubes (seo 
reference 2, equation (29a)), which is given 
by tho equation: 


f 


cc 


14.5 X 1CT 4 3P A Tf °** 3 



( 6 ) 


where 


f average unit thermal conductance for any number of rows 
of cylinders 


E a tube arrangement modulus for banks of staggered tubes 

T f arithmetic average of absolute temperature of tube wall 
and of exhaust gas 


D 




maximum weight rate of exhaust gas per unit of area 


outer dinnoter of tube (in this case D was taken as 
the maximum width of the flattened tube) 


(b) The unit thernal conductance over the flat te ned 
portion of tho tubes was found by considering 
this portion of the tube as a flat plate and 
measuring its length from the forward point of 
stagnation. The avorage unit thermal conductance 
of this section was found by use of the equation 
for the point unit thermal conductance over a 
flat plate (see reference 2, equation (19)): 


cx 


» 0.51 T f 


0.3 


(* n v) 


0.8 


■ 0 . 


r m °- 51 T f 


0.3 ( 0/ 36 00) °* 8 


■ o. a 


( 7 ) 


where 


f cz point unit thermal conductance ovor a flat plate 

Tf arithmetic average absolute temperature of t.ube wall 

and of fluid 
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0 weight rate of fluid por unit of cross— sectional area 
x— -distance along flat plate measured from leading edge 

To obtain the average (with length) unit thermal con- 
ductance, equation (?) must he integrated over the length 
of the flattened portion of the tube and tho integral 
divided by the longth over which it was taken. 



|*X 1 — — Xg — Ij >1 

t r z. Tr.-m m rr m /■/■rrr - v -? ? ~ rrr > 


Equivalent Bint Plrte 
x. 


f c f (averrg 


L 

rrge with longth) = 1 


f dx 
cz 


X S ~~ X 1 


3= 


= _ 1 - ■ • f (o.51 Tf 0,3 ') ( Q-/36 00) 0,8 x °- 3 dx 

x a" 'K n. f 


- °.51 Tf°' 3 (0/3600) 


0.8 


X S~ X 1 


a 

£ 


r-o. a 


dx 


- 0.51 *f°' 3 (&/3600) 0 ’ 8 ^°’ 9 n3Ca 


s 3 - x i 


. "I s 

>.8 J x. 


0.51 T f ° ,3 (G/3600) O,a (x°’ 8 - x^- 6 ) 
0. 8 (x a - x 1 ) 


( 8 ) 
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vhare x x la the peripheral distance from the forward point 
of stagnation to the beginning of the flattened portion of 
the. tube and x a Is that to the end of the flattened portion 
of the tube, — 

The thermal conductance on the exhaust gas side of the 
tubes is the sum of both that over the cylindrical portion 
and that of the flattened portion of the tubes and therefore: 


(fflA)g - (* c A)o + <*o-Of (9) 

where the first term on the right-hand side of the equation 
is the thermal conductance of the cylindrical portion of the 
tubes and tho second term is the thermal conductance of the 
flattened portion of the tube. 

The over— all thermal conductance of the heater is then 
obtained from the equation: 

TTA = 1 = ! (4) 

+ feOg (^l) Q + (t c A) 0 * <f c i) f 


Sample Calculations 
(Based on run 24, table I) 

tf * 1430 lb/hr 
a 

T a x = 108 C F 
W = 3240 lb/hr 

e 

T- ** 1590° F 

Outlet ventilating air temperature, T a =800° F 
Outlet exhaust gas temperature, T Sa B 130 ° e 7 

T ft (av) S 460° F, Tg (av) S 1450 ° F 


Postulate : 


theref ore, 
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1. Thermal conductance on exha u st gas aide : 

Considering the thermal conductance of the cylindrical 
portion of flattened tubes and that of the flat portion of 
these tubes, then the thermal conductance of tho exhaust gaB 
side is given by the equation 


(f 0 A) = (f c A) + (f c A) 

g r c 

Evaluate the avorage thermal conductance over the 
cylindrical portion: 

f * 14.5 x 1C T 4 J T f °* 43 ( 6 ) 

cc a i D°* 4 ^ 

tube arrangement modulus = 1.55 
(see table II of reference 2) 

Tf (assuming thermal conductances cn the two sidos of 
tho heat exchangor to be approximately equal)* 


■F 


w + Tg(av) 


+460 W B 


' ° B . [«21 


145 0 


+ 1450 


'xi 

J 2 


+ 46 0 


_ 950 + 1450 . o „ 

= — + 46 0 = 166 0 S 

2 


T f 0 ' 43 = (1660) °* 43 a 24.2 


•This assumption is not valid as seen from tho calcula- 
tions of tho thermal conductances, but if these thermal conr-r 
ductances are used to obtain a better approximation of t W( 
tho wall temperature, it is found that an error of about 10 
percent in the value of Tf was obtained in the previous 
calculations. However, since Tf enters into the equation 
for the unit thermal conductance only to the 0.43 power, the 
error committed using the first approximation w»b actually 
only about 4 percent. 
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G 0 weight rate per unit area 


H g 3240 
A os 0,1946 


= 16,7 00 lb/hr ft 1 


°. a _ 


= 343 


(She area Acb 1b the minimum cross— sectional area of 
flow in the tube bank, measured along the diagonals In 
this case,) (See fig. 1.) 

Outer diameter of equivalent cylinder 

D = B 0.0157 ft 

12 

D°» 4 = 0.189 

f ap = 14.5 X 10^ 4 X 1.55 X 24.2 X-^i5_= 90.6 Btu/hr ft a °F 
CC 0.189 ' 

(f c A) c = (98.6 x 7.20) = 709 3tu/hr °P 


Evaluate the avorage thermal conductance over the flat 
plate portion: 


fcf - 


o. e 


(0/3600) 


0.8 


0.8 (x 3 - ) 


(*, 


O. B 


— X. 


o. e 


( 8 ) 




(0. 0539)°’ 8 — (0, 0123 ) 
0.0539 - 0.0123 


o 



0. 0665 
0.0416 


1.60 


■of 


0.51 X 1, 60 T 0.3 


0.8 


(G/3600) 0 ' 8 " 1.03 V- 3 (3^o)°-' 


= 0.3 G ° » 8 _ 1#46 x 10 -5 

n nn I 


7 00 


X T. 


°.3 „o,e 


T f = 1660° E 

T f 0,:5 = (1660) 0,3 = 9.25 
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Weight rate per unit area & = — fi- = = 13 ,900 lh/hrft B 

A Cs 0.233 

(A C8 evaluated in the flat plate section of the tuho 
rove) 

a° m 8 ■ 2080 

f Qf = 1.46 X 1CT 3 X 9.25 X 2080 = 28. 0 Btu/hr ft 3 °T 

(f c A) f ■ (28.0 x 12.2) = 341 Btu/hr °T 

Thermal conductance on exhaust gas side is then 


(f c A) g = (f e A) c + (f c A) f = 709+ 341* 1050 Btu/hr °T (9) 



0.000953 


2. Thermal conductance on ventilating air side: 


f cn * *•« * 10_ 


. o.CnO.er pH 

*« ^ f 1 + 1 - 1 3] 


(5) 


T av (arithmetic mean absolute temperaturo of the 
ventilating air) = (454+460) = 914° H 

T av ° m 3 = 7.72 

V„ 143a 

Weight rate per unit area 0= - — = 9860 lb/hr ft' 

*cb °* 145 


G°* 8 = (9860)°* 8 a 1570 


Hydraulic diameter D = 


D°* 9 = 0.451 


(* + 1 - 1 “) - 


4 A 


£M- 


Wetted perimeter 31,0 


4 *?»**6 = 0.0188 ft 


1.04 
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f ca =6.4X [l* l.l* : 

* 15.1 Btu/hr ft 3 °T 
(f 0 A) a = (15.1X17.3) a 260 Btu/hr °F 

<f c A) a ~ x = 0.00384 


0,0188 

0.556 


] 


3. Over— all thermal conductance : ' 



= 211 Btu/hr °F 


1 

0.00384+ 0.00095 


1 

0. 00479 


Chech tho outlet temperature b postulated. 


T g 1 T fi 1 ~ W a c pa( T a a ”’ T a 1 ^ = V g c pg^ T g x “ T g a ^ 

T a,- T a l - < T gl - ^ T a. * < T gl - T a 1 ) <P. * V 

T - T . <a ° P S (T ^~-^-, T = T - V »» (T -T ) V 

Si Sa s g c pg Sa Si ¥ g c pg Si »i * 

Evaluate <p from figure 34 of reference 2, 
cp — 0,423 

T a a = (1480) 0.422 + 108 = 733° F 

T g a = 1590- -i^50JL2*242 ( 1480) X 0. 422 « 1590- 240 = 1350° F 
3 3240X 0.276 
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The check temperatures are close to the values postu- 
lated: 800° F for the ventilating air and 1300° F 

for the exhaust gas. If a much closer prediction of 
UA Is desired, one can use these corrected tempera- 
tures to obtain new values of the unit thermal con- 
ductances and, consequently, of the over— all thermal 
conductance UA. Carrying out this procedure, however, 
changes UA by only 1 percent; the corrected value of 
UA being 209 Btu/hr °F. 


Isothermal Pressure Drop 

The Isothermal pressuro drop on the gas side of the 
heater was postulated to be that over rows of cylindrical 
tube banks. Each flattened tube was considered as an 
equivalent cylinder with a diameter Identical to that of 
the circular loading section of the flattened tube. The 
pressure drop through these rove of tubes is based upon 
the relation (see reference 4) 

AP * 4£»N ,. lSq/ « ■ ? ■ £?)■ ■ ■ (10) 

2g y 


where 

AP pressuro drop 

£* friction factor for flow of fluids past tubo banks 

0 Q maximum weight rate of fluid per unit area 

N number of rows in direction of flow 

g gravitational force per unit of mass 

V weight density of fluid 

The friction factor £' is defined by the equation 
(see reference 5, equation (6)): 


V 



+ 


0.118 ] 
(ar-l) 1 - 00 ^ 


Re 


-o.ie 


(ID 


where a Is the center— to— center spacing of the tubes in 
any one row, in terms of the tube diameter (centeiwto— center 
distance of adjaoent tubes is equal to aD, D being the 


HACA ABE Ho. 5A10 


17 


diameter), and Be le the Beynolds number based on the 
maximum weight rate of fluid per unit cross-sectional area 
0 0 and on the outside ■ diameter of the tubes. D, Tor the 
flattened tube, the outside diameter D is taken as that 
of the cylindrical leading edge of the tubes. 

The results obtained with these flattened tubes were 
compared with those of Joyner and Palmer (reference 9) on 
the pressure drop across banks of elliptical tubes. The 
results of those tests Indicated a much lower pressure drop 
than that through the bank of flattened tubes. The differ- 
ence is due, partially, to the faot that the banks tested 
by Joyner and Palmer were designed to give an approximately 
constant cross-sectional area of flows whereas the flattened 
tube bank had a small gap between the rows of staggered tubes. 
A rough estimate of the pressure drop across the flattened— 
tube bank could be made by considering the pressure drop due 
to expansion and contraction between each row of tubes. 

A trial calculation showed that the pressure drop due 
to skin friction over tho flat portion of the flattened tubes 
was small compared to the pressure drop due to drag across 
the cylindrical leading and trailing edges of the tubes. 

This contribution to the Btatlo pressure drop was, therefore, 
not included in the predicted values. 

The results of the measurement and the prediction of 
the pressure drop on the exhaust gas side of the heater are 
given in table II and figure 8. 

The isothermal pressure drop on the air side of the 
heater was obtained from the measured isothermal pressure 
drop across both heater and ducts by subtracting the meas- 
ured pressure drop across the ducts alone 


A^htr * * P iso ^ p ducts (12) 

The value of Abducts at any weight rate is obtained from a 
curve based on experimentally determined points. 

The predictions of the isothermal pressure drop on the 
air side of the heater are based upon the postulation of the 
following system; (1) A sudden contraction as the air leaves 
the duots of the shroud and enters the heater passages, (2) 
a frictional pressure drop as the air flows through the pas- 
sages of a uniform mean length l, and (3) a sudden expansion 
as the air leaves the heater passages and enters the outlet 
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duct of the shroud, The equations which form the basis of 
the prediction are: 

(1) Sudden contraction 


4^ contr _ g l^m 3 
Y c 2g 


(13) 


where u m is the mean velocity within the pass a ge s (K c based 
on the velocity in the smaller area) and K c is a "head loss" 
coefficient obtained from reference 6 or 7. 

(2) Trlctlon loss 


Hgric . f A2a! 
V ’ D 2g 


(14) 


where 

f friction factor (obtainod from reference 6 or 7) 
1 moan length 

D hydraulic diameter of the passage 


u m 


mean velocity within the passages 
(3) Sudden expansion 


AP exp _ K u p 
Y 0 3g 


(W) 


where u m is the mean velocity within the passages and K e 
is a head loss coefficient defined by K e = (1— m) a , where 
m is the ratio of the cross-sectional area before expansion 
to that after expansion. (See reference 6 or 7. ) 

The over-all static pressure drop across the air Bide of 
the heater is then the sum of these terms: 


Ap htr 

Y 



APfjric . 

■ — ■ ■ '-Hr 

V 



( 16 ) 
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The measured and predicted -values of the isothermal static 
pressure drop on the ventilating air side of the heat ex- 
changer are given in table II and are- plotted in figure 7. 

The values plotted are those of APJ , the sum of APJ.„ 

iso ntr 

and AP^u C ta ; the curve designated as the predicted iso- 
thermal pressure drop being a plot of values of AFj^^ 
(prod.) plus Ap d uc t B ( n,eas *^* 


Non— I sothermal Pressure Drop 

The non— isothermal static pressure drop across the air 
and gas sides of the heat exchanger was predicted from the 
isothermal measurements by means of equation (54), refer- 
ence 2: 


AP 

non— i so 


AP 


iso 



,ia 


♦ — - — s r(-^ + 1) 

\36 00/ 2f^( 1 A h ’ i l\A a / T x ^ B 



(17) 


where 

AP. measured over— all isothermal static pressure drop at 
iso . . _ 

temperature ®i 30 

T x , T a mixed— mean absolute temperatures of fluid at inlet 
and outlet of the heater, respectively 

T arithmetic average of T, and T a 

W fluid weight rate 

y 1 weight density evaluatod at temperature T x of fluid 

at inlet to heater 


A h 

cross-sectional 

area 

of 

flow within heater 

^■1 

cross— sectional 
station 

area 

at 

inlot pressure 

measur ing 

A 2 

cross— sectional 

area 

of 

flow at outlet 

pressure 


measuring station 
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A comparison of measured and predicted' non— Isothermal 
pressure dropB across each side of the heater is presented 
in table III and is shown graphically in figures 7 and 8. 


DISCUSSION 


The results of the tests on this flattened tube— type 
crossflow heat exchanger are shown graphically in figures 
5 to 8. These graphs are based on data presented in tables 
I to III . 


Beat Transfer 

Although some experimental work has been done on flow 
of fluids over banks of staggered tubes with shapes other 
than cylindrical (references 8 and 9), little has been done 
in the way of the establishment of definitive relations 
between such variables as spacing, tube dimensions, and 
weight rates of fluid. Tor this reason, the thermal per- 
formance of this heater was analyzed in the manner pre- 
viously described. 

The method of prediction yielded results which are, 
on the average, within 8 percent of the experimentally de- 
termined values. The slopo of the experimentally determined 
values of the over— all thormnl conductance UA, when plotted 
as a function of the ventilating air rate, is less than that 
of the predicted values and the deviation between measured 
and predicted values increases at the lower ventilating air 
rates. Inspection of the prediction equations for the unit 
thermal conductance reveals that the unit thermal conductance 
for flow over flat plates and for flow through ducts varies 
as the 0.8 power of the fluid weight rate and for flow over 
banks of cylinders varies as the 0.6 powor of ventilating 
air rate. This analysis is only an approximation, because 
in the actual case the thermal conductance at the rear of 
the flattened tube will not be the same sb that at the rear 
of a right circular cylinder of the same diameter as the 
trailing edge of the tube, nor will the unit thermal conduct- 
ance at the beginning of the flattened portion of the tube be 
the same as that over a flat plate at a distance correspond- 
ing to that from the front stagnation point of the cylinder. 
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Isothermal Static Pressure Drop 

The predicted, isothermal static pressure drop was 
within 20 percent of the measured value on the ventilating 
air side of the heater and was within 25 percent, on the 
average, of the measured values on the exhaust gas side of 
the heater. The magnitudo of the prediction of the exhaust 
gas side Isothermal pressure drop indicates that uso of the 
equation for the pressure drop across hanks of circular 
tubes is adequato for prediction of the pressure drop across 
hanks of flattened tubes. 

The valuo of the "duct loss" obtained experimentally 
by measuring the pressure drop across the ducts alono Is only 
an approximation to the value of the duct Iosb which must be 
subtracted from the isothermal pressure drop in order to ob~ 
tain the pressure drop across the air side of the heater 
alone. This is substantiated by the fact that the pressure 
drops acroBB the heater alone obtained in this manner are 
about 30 percent higher than experimental data given in 
reference 10 and also by the fact that in the present report 
the predictions of the pressure drop across the nir side of 
the heater alone are within about 10 percent of the data in 
reference 10, 

A head loss coefflciont K was determined from the 
over-all isothermal pressure drop according to tho equation: 


AF htr = g ' u m a 
V 2g 


(18) 


The values of K obtained were approximately 3.0 on the 
ventilating air side and about 5.2 on the exhaust gas side. 

(On the exhaust gas sido of the heater A^htr " APi ao since 
there are no contracting or expanding sections in the Bystem, 
exclusive of tho heater section Itself.) Comparison of these 
values with head— loss coefficients for other heaters (see 
previous reports of the series) will reveal that these values 
are of tho usual magnitude on the air side, but the values 
on the gas side are much higher. This is due to the expansions 
and contractions which occur in the tube banks of tho oxhaust 
gas side of this hoater. 


Non— Isothermal Static Prossure Drop 

The prediction of the non-isothermal static pressure drop 
from the isothermal pressure drop, by means of equation (17), 
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(reference 2, equation (54)), was, on the average, within 
16 percont of the measured values on the ventilating air 
side, and was, on the average, within 21 percent of the 
measured values on the exhaust gas side. 

The difference between the elopes of the predicted and 
measured pressure drop curves on the ventilating air Bide 
can be explained by the fact that the use of an arithmetic 
mean temperature in tho first term on the right hand side 
of equation (17) is an approximation which is less valid at 
lower weight rates when the difference between the fluid 
temperatures at inlet and outlet is greatest. 

As explained in reference 2, the non— isothermal static 
pressure drop includes losses due to the acceleration of the 
fluid (second term on the right-hand side of equation (17)). 
These losses are of thermal origin and hence cannot be re- 
covered by mechanical means. Such losses can only be re- 
covered by cooling the heated ventiloting air (or heating 
the cooled exhaust gases, as the case may be). Such a process 
would defeat tho purposes of a cabin heater, but occurs in 
the operation of thermal anti-icers for airplane wingB. 


CONCLUSIONS 


1. Tho over— all thermal conductance for a flattened— 
tuba type crossflow hont exchanger was estimated, on the 
average, within 8 percent of the experimentally determined 
values, 

2. The Isothermal static pressure drop waB estimated, 
on* the average, within 15 percent of the measured values on 
the ventilating air side and within 25 percent of the meas- 
ured values on the exhaust gas side, 

3. Predictions of the non— isothermal static pressure 
drops from the isothermal Btatlc pressure drops were within 
16 percent of the measured values on the ventilating air side 
and within 21 percent of the measured values on the exhaust 
gas side. 


University of California, 

Berkeley, Calif,, July 1944, 
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TABLE I - EXPERIMENTAL RESULTS ON FLATTENED -TUBE HEATER 

USING UC-3 SHROUD 




AZ^\ Mr 


Ufir. 


U/ 6 r "J& 



OVER-ALL PE 


CM 


/ 7 /02 SIZ 7/0 /OOO AST /?Z /*73 /tit. 3*/ /6SO 234 /*/ AM 

/» /04 6/S S/S /740 402 2/7 /W //46 337 /TOO JIM /*3 0*4 

/S /04 SOS 404 *460 762 £40 /S34 /044 46* /TOO 304 */6 A*3 


300 /*/ 

8*0 **S 

*70 £68 


23 704 SOS 80/ /OOO £07 /S4 /f*/ /**/ 2M J240 /J 16 /SO AST 

24 /OS 7SS 687 /430 £32 *38 /S34 /S*4 * SO 3*40 /36 *06 4*7 

£S /04 4/S *// * 440 820 326 /S39 /23» 300 3*70 /3* *7/ 0*2 


82 * 2/0 
/OOO *38 
/060 308 


*6 j i07 67S S68 **80 6.6* 3/6 /SO*. /J23 2S3 4/60 *32 *80 AS* 

/05 SS4 4*3 3/70 /OS 376 f3*2 /2SS 233 4/SO 23/ 32* 0*7 


/040 JO* 
/OTO 3*/ 


28 /OS *4/ 438 4/60 /6S 438 /*73 /24* 330 4/SO 22* 3*2 0*7 


/o6o 4/0 
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TABLE II 

ISOTHERMAL STATIC PEBSSHBB DROP DATA 
Platt ened-Tube Bank Crossflow Heat Exohangar 


w 

(lb/hr) 

a 

(lb/hr ft 8 ) 

AP" b AP" + AP" 

Iso ducts htr 

(meas.) (meas.) 

(in. EgO) (in. HgO) (in. EgO) 

AP" 

htr 

(pred.) 

(in. HaO) 


Be 

Air Side 

1500 

10,300 

1.45 

0.35 

1.10 

0.83 

HJ 

b 4,180 

3000 

20,700 

5.50 

1.30 

4.20 

3.12 


8,380 

6000 

41,300 

20.2 

4.70 

15.5 

11.7 


16,700 

Gob Side 

2000 

10,300 

1.60 

0.0 

i. 6 o 

2.15 

m 

°42,00C 

3500 

18,000 

5.00 

0.0 

5.00 

6.10 

D 

73.00C 

6000 

30,800 

15.0 

0.0 

15.0 

16.6 


126,00C 


°I defined V n I ^ 2 - 

y 2 * 


Reynolds number based on hydraulic diamoter of a flattened tube Dg. 

°Reynold 8 number based on the diameter of a cylinder equivalent to 
the leading end trailing edge flattened tube. 

HOTS.- In figores 7 and 8 , the curves labeled "predicted Isothermal 
pressure drop" are obtained by plotting the sum of the APJbiot (ns as.) 
and APjj^ r (pred.) (columns 4 and 5 In this table). 
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TABLE III 

NOE- 1 SOTHEBHAL STATIC FHES8UBE DHOP DATA 
Tlattened-Tube Bank Orossflov Haat Exchanger 


Bun 

V 

(lb/hr) 

(°a> 

<°B> 

*.T 

(°E) 

4P !.o 
(in, H a 0) 

AP" 

non-ieo 
(none. ) 
(In. H a 0) 

AP" a 

non— isc 
(pred. ' 
(in. H a Oj 

Exhaust Cae Side 

18 

1700 

2003 

1606 

1805 

1.15 

3.24 

4.10 

25 

3270 

2059 

1759 

1909 

4.37 

13.4 

16.9 

28 

4100 

2042 

1759 

1900 

6.90 

22.8 

26.5 




Ventilating 

Air Side 



24 

1430 

568 

1265 

912 

1.30 

3.32 

3. 08 

26 

2280 

567 

1135 

851 

3.25 

6.68 

6.94 

27 

3170 

565 

1054 

809 

6.10 

10.8 

12.1 


a 

Predicted values are based on equation ( 17 ): 



(d^) a 3iv^[^ +l )^f-(jp + l )] <17 > 





A //? S/£>£T 

fX/SAVST- GAS S/02T 

&&&&&> 

Cross Secf/bra/ Area f/ffeb/a/} 

a Mf 

0.224 

O./ff 

f/eaf 7faasfer Area f/Y^f^fJ 

/7.3 

J2.2 

7.20 

/-/yc/rattf/c P/a/r?efe/~ ft 

0.0/88 

— — 


V/eSffA/ of /fearer - 38 


/y. 1 - SoAe/naffc 0/*fra/77 of f/of/ene<f~ 7a 8e 7~//*e /Vfe?/ 
xcftc7S7c/er~j 0*?*/ £/C-£F 3Aeot/a/. 
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Figs. 2,3,4 


Figure 2.- Photograph of 
the flattened- 
tube crossflow type heat 
exchanger . 


Figure 3.- Photograph of 
the flattened- 
tube crossflow type heat 
exchanger . 





Figure 4.- Photograph 
of the 

flattened-tube cross- 
flow type heat exchan- 
ger and the UG-3 vea- 
tilating-air shroud. 




Figure 5.- Thermal output of the flattened-tube type heat exchanger, using UC-3 shroud., as a function 
of the ventilating air rate. 
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Figure 6.- Overall conductance of a flattened- tube type heat exchanger • 
ueing UC— 3 shroud, as a function of the ventilating air rate 



Fig. 7 
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Figure 7.- Static pressure drop across air-side of f lattened-tube type 
heat exchanger as a function of the ventilating air rate, 
using UC-3 shroud. 
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Figure 8.- Static pressure drop across exhaust gas side of flattened- tube 
type heat exchanger as a function of exhaust-gas rate. 



